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ABSTRACT 
 
The work provides a review of North Sea oil reservoirs and MEOR technology with special emphasis on 
methanogenesis and discusses it with reference to mature and abandoned reservoirs. The main objectives 
of methanogenesis are injecting a small amount of microorganisms and/ or nutrients into the reservoir and 
consequently produce desirable gases which are vital for any economy. It was attempted to make 
analytical estimations and to assess methane producing system using microbes. In particular, the 
objective was to demonstrate quantitative relationships between microbial performance, reservoir 
characteristics, and operating conditions (well spacing, injection rates, residual oil saturation), and 
determine the volumetric estimations of methane production in-situ and its time scales. Thus, we define 
whether methanogenesis is feasible to the selected North Sea reservoir. It is the focus of this work. The 
analysis treats both the case of reservoir inoculation with nutrients (possibly microbes), shut-in for 
incubation period, produce methane and the continuous injection of water with nutrients whereby the 
methane is produced continuously from microbes during injection. 
Analysis with convincing values of reservoir and microbial parameters shows that methanogenesis 
process using residual oil as a carbon source must overcome severe performance constraints. 
Unfortunately, the current state of knowledge does not allow using these constraints to field 
implementation of methanogenesis. Obtained results shows that methanogenesis process for the example 
reservoir is not economically acceptable and cannot be considered as a means for rejuvenating mature 
and abandoned reservoirs.  There is indeed uncertainty in the reservoir engineering analysis, as many 
characteristics of microbial physiology in oil reservoirs are poorly understood.  
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Abstract 
The work provides a review of North Sea oil reservoirs and MEOR technology with special emphasis on methanogenesis and 
discusses it with reference to mature and abandoned reservoirs. The main objectives of methanogenesis are injecting a small 
amount of microorganisms and/ or nutrients into the reservoir and consequently produce desirable gases which are vital for 
any economy. It was attempted to make analytical estimations and to assess methane producing system using microbes. In 
particular, the objective was to demonstrate quantitative relationships between microbial performance, reservoir 
characteristics, and operating conditions (well spacing, injection rates, residual oil saturation), and determine the volumetric 
estimations of methane production in-situ and its time scales. Thus, we define whether methanogenesis is feasible to the 
selected North Sea reservoir. It is the focus of this work. The analysis treats both the case of reservoir inoculation with 
nutrients (possibly microbes), shut-in for incubation period, produce methane and the continuous injection of water with 
nutrients whereby the methane is produced continuously from microbes during injection. 
Analysis with convincing values of reservoir and microbial parameters shows that methanogenesis process using residual oil 
as a carbon source must overcome severe performance constraints. Unfortunately, the current state of knowledge does not 
allow using these constraints to field implementation of methanogenesis. Obtained results shows that methanogenesis process 
for the example reservoir is not economically acceptable and cannot be considered as a means for rejuvenating mature and 
abandoned reservoirs.  There is indeed uncertainty in the reservoir engineering analysis, as many characteristics of microbial 
physiology in oil reservoirs are poorly understood.  
 
Introduction  
One of the main challenges facing the oil industry today is the recovery of the large percentage of oil remaining unrecovered 
after conventional recovery methods in mature and abandoned oil fields. In order to exploit these reserves which remain below 
the earth’s surface, extend producing life and increase reservoir recovery, cost-effective technologies must be developed. The 
reason for the improvement in the technology is the increasing demand for energy.  In today’s energy sector, the high oil prices 
have encouraged the oil companies to recover the maximum amount of oil with the lowest production cost.  
Many fields currently in secondary development stage, i.e. waterflood, will soon cease to be economically profitable without 
additional methods of recovery. Various improved and enhanced oil recovery methods are used to produce the remaining oil in 
the reservoir. Economic potential is one of the major factors in the selection of any recovery method. One of the optimistic 
recovery methods is the Microbial Enhanced Oil Recovery (MEOR). It is an enhanced recovery method in which different 
microorganisms and their products are used to increase the production rate and improve recovery from a reservoir. Application 
of MEOR technology provides a significant advantage among various enhancement methods to develop the water flooded 
reservoir, because it is economical, environmentally safe, easily applied, and effective.  
On the other hand, it has also been observed that MEOR processes have not reached the same large scale application as other 
EOR processes. In spite of several decades of research, many positive labs and field results,   MEOR technology is still not 
mature. There is a still lack of understanding in microbial oil recovery mechanisms and lack of mathematical models that can 
be used to integrate the microbial behaviour for different reservoirs.  
The idea of using microorganisms and their products to recover oil has been proposed since 1926 by Beckman (1926) when he 
analyzed the action of bacteria on mineral oil and proposed that bacteria could be used in oil recovery. Since that time a 
number of microbial technologies have been developed to enhance oil recovery.  For instance, some microbial methods assist 
in paraffin removal, while others are designed to modify heavy oil or to produce chemical, such as surfactants, polymers or 
solvents that are useful in oil recovery processes. One of the MEOR methods that have been proposed for marginal oil 
recovery is the in-situ microbial transformation of oil into methane, or methanogenesis.  
The one way of potentially exploiting microbial activity is to inoculate fields with suitable nutrients and possibly microbes just 
before abandonment and then wait for the microbes to convert the oil field into a gas field.  This is appealing as there may be 
very little extra cost associated with this, shutting in the field for 20 years may give the microbes plenty of time to work and 
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the gas may be an even more valuable resource in the future than it is today. The aim is to analyze the technical feasibility if 
using microbes to convert trapped and bypassed oil in abandoned oil fields into gas and thus convert abandoned oil fields into 
gas fields. 
The aim of this research is to provide a review on MEOR technology with special emphasis on methanogenesis and analyze 
the technical feasibility of MEOR (methanogenesis) in mature and abandoned North Sea Oil Reservoirs.   
The major objective of any recovery methods is cost reduction, which can be met by using MEOR technology which includes 
injecting a small amount of microorganisms into the reservoir and consequently produce desirable chemicals and gases that 
will enhance oil recovery. This study focuses on recovery process based on the induction of microbial activity that converts 
residual and bypassed oil into methane within reservoir.  It would be nice to be able to convert heavy oil into gas but this 
probably would not work as most heavy oil exists as a result of microbial degradation in the past.  Thus this work focuses on 
converting bypassed and residual light oil into methane. 
The field that has been chosen for this work is Forties reservoir which is located 180 km ENE of Aberdeen and was discovered 
in 1970.  The field parameters selected for this study are the injected bacteria concentration, the adaptation time, the optimum 
slug size of bacteria solution, and the process application time.  
This report gives the summary of North Sea oil fields which are suitable for MEOR; their conditions and types of microbes 
that might thrive in those fields; the review of worldwide methanogenesis field applications. 
Microbial Enhanced Oil Recovery (methanogenesis) 
Methanogenesis in comparison with other MEOR 
Oil recovery is categorized into three phases. Primary recovery typically recovers 10 to 35% of a reservoir's oil-in-place. 
Secondary recovery, which most often involves waterflooding, can increase recovery by 20% or more. Enhanced oil recovery 
(EOR), also called tertiary oil recovery, enables oil producers to extract as much as 30 to 60% of a reservoir's original oil 
content. EOR may be accomplished through several different methods. Thermal recovery, chemical flooding, miscible 
displacement (gas injection) and Microbial Enhanced Oil Recovery (MEOR) have all been explored as tertiary techniques. 
Microbial Enhanced Oil Recovery (MEOR) utilizes microorganisms and their products to improve the recovery of crude oil 
from reservoir rocks.  This technique involves the injection of selected microorganisms into the reservoir and subsequent 
transportation of their products, so that they help in further reduction of residual oil left in the reservoir after secondary 
recovery processes.  The following mechanisms could be attained by using the proper culture of microorganism (Donaldson 
1989): 
1) Biosurfactant production  
2) Biopolymer production 
3) Gas production (such as CO2, CH4, H2) 
4) Solvent production (such as acetone, alcohol, etc.) 
5) Acid production (organic acids which could react with the formation to increase permeability and release CO2) 
6) Selective plugging (growth of the cells in the areas of highest permeability, where the cell mass would reduce 
permeability and thus divert subsequent flooding through unswept areas).  
Table 1 presents microbial products and their contribution to EOR (Ferry 1993; Bryant et al. 2000; Donaldson et al. 1989; 
Zahid et al. 2007). 
Table 1: Microbial products and their contribution to Enhanced Oil Recovery
 
 
In order to recover oil using bacteria, some nutrients must be injected into the reservoir so that the microbes can grow and thus 
Bioproduct
Acids 
Biomass
Reservoir repressurization
Oil swelling
Viscosity reduction
Increase of permesbility due to solubilization of carbonate rocks by CO2
Solvents Dissolving of oil
Surfactants Reducing interfacial tension
Emulsification
Polymers Mobility control
Selective or nonselective plugging 
Production of CO2  by reacting with calcareous rocks
Gases (CO2, CH4, H2) 
Effect
Modification of reservoir rock 
Improvement of porosity and permeability 
Selective or nonselective plugging 
Emulsification through adhesion t oil 
Degradation and alteration of oil
Modification of solid surfaces
Desulfurization of oil
Reduction of oil viscosity and oil pour point
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improve oil recovery by one of the mechanisms described in Table 1.  
MEOR has several distinct advantages:  
1) microbes do not consume large amounts of energy; 
2) they are self-replicating and indigenous to many reservoirs; 
3) Injected microbes and nutrients are cheap; easy to handle in the field; 
4) Economically attractive for mature oil fields before abandonment; 
5) Increases oil production; 
6) Easy application  and existing facilities require slight modifications; 
7) Microbial activity increases with microbial growth; 
8) Cellular products are biodegradable and consequently can be considered environmentally friendly. 
Methane [CH4] is major component of natural gas and the product of a small but unique group of organisms called 
“methanogens” which belong to the Archaea species. Methane formation is a geologically important process that occurs in 
most anaerobic environments: swamps, lake sediments and intestinal tracks of animals. It results from the activities of a group 
of bacteria that convert fermentation products formed by other anaerobes (CO2, H2, formate and acetate) to methane or 
methane and CO2. This transformation is final step of biodegradation of organic matter, and it depends on series of previous 
degradation steps made by other groups of anaerobes (Ferry 1996). 
While methanogenic bacteria have been shown to be active in oil and coal-bed methane reservoirs, they must function as part 
of a reaction chain to effectively produce methane. This includes breaking down the large chain hydrocarbon, converting the 
molecules to simple acids and alcohols, and then finally converting the simple molecules to methane.  
It would be preferable for the residual oil in the reservoir to become usable as a suitable and economical carbon source of 
methane producing bacteria. However, geological evidence has suggested that the velocity of hydrogen production using crude 
oil and methanogenic processes may be very slow making the evaluation of that technology very difficult (Funke 2010). 
 
Methanogenesis application – historical review 
The use of bacteria in oil recovery is not a new idea. It has been considered for many years by many investigators. Beckman 
realised realized that bacteria are capable of producing oil as early as 1926. The first document about this has been written in 
1913 by Davis and Zobell recorded a method for secondary oil recovery by using anaerobic bacteria. Zobell (1946) proposed 
that bacteria have ability to utilize oil with further production of organic acids and gases. The first field test on MEOR was 
done in one of the oil fields in Arkansas in 1954. In spite of being successful, it was put away because of other cheap recovery 
methods being available. These methods were noticed again in 1970’s.  Successful field trials have been reported from the US, 
Eastern Europe and Australia (Bryant et al. 1996). 
Since ancient times gas has been known to flow from geological fractures in certain areas of the world. However, widespread 
interest and the scientific foundation to study of the biological formation of methane began after the experiments of 
Alessandro Volta with gas obtained from sediments in 1776. The results of his experiments are recorded in a series of his 
letters (Ferry 1993).  In the following years this relationship had been confirmed by others, before in 1868 Bechamp showed 
that methane formation was a microbial process (Barker 1956). 
Interest in the possibility of oil methanogenesis started again in 1980’s after the identification of methane producing bacteria in 
oil reservoirs by Belyaev et al., (1983). In 1999 Zengler et al. made a proposal of the methanogenic oil degradation. Since 
then, a few other studies with the application of modern technology tools have convinced engineers the possibility of 
methanogenesis from crude oil (Townsend et al. 2003; Jones et al. 2008).  Later researches on oil methanogenesis have been 
widely reviewed by Maeda et al. (2009), Fujiwara et al. (2006), Sugai et al. (2008), Otagaki et al. (2009), Head et al. (2010), 
Kotelnikova (2002).   
Despite numerous MEOR tests, considerable uncertainty remains regarding process performance.  According to Head et al. 
(2010) it has not been proven that anaerobes isolated from reservoirs metabolize crude oil.   
Very little experience about MEOR processes has been obtained in the North Sea. The only two known offshore trials of 
MEOR are Norne (Norway) and Bokor (Malaysia) (Awan 2008). Even less experience has been obtained on methanogenesis, 
although a lot of studies have been conducted at the laboratory level to estimate the potential for microbial methane production 
under actual reservoir pressure and temperature (Zahid et al. 2007) 
Nevertheless, there is a field experiment conducted in the United States considered successful in release of oil has been 
reported by Coty (1976).  The experiment of Coty and his colleague Yarbrough described successful field test using 
Clostridium acetobutylicum in a two-spot pattern with 120 m between wells. Injection of 2% molasses solution and bacteria 
started in July 1954 and continued until November at an average rate of 25 m
3
/day; a total of 800 litres of bacterial culture was 
injected in this period. The oil recovery increased from 3 to 10 m
3
/month and production of acids, carbon dioxide and methane 
also began in 1954.  No quantitative measurements of the methane production were made. Hydrogen was not detected, and it is 
generally known that clostridia do not produce methane, so it may have been used by other bacteria in the reservoir that have 
been involved in the production of much of the methane.  Since hydrogen was not detected it is possible that in the reservoir 
environment it is used by methanogenic bacteria to produce methane from carbon dioxide.   
There are several companies nowadays are seem to be active in hydrocarbon methanogenesis. One of those companies is Luca 
Technologies, Colorado, USA.  Rather than drill more holes to get natural gas, Luca Technologies wants to "grow" more gas 
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in existing wells. The company has developed a process to generate and then extract more natural gas from Wyoming's 
Powder River Basin by injecting water, microbes, and nutrients into the coal seams. The company's technology stimulates a 
natural process in which bacteria underground digest coal and make methane, the main ingredient of natural gas. Luca pulls up 
the water from existing wells and injects microbes and nutrients, which gets the bacteria to "eat" more coal and produce 
methane. The potential of tapping this stranded natural gas in coalbed methane wells is significant, according to Luca, which 
raised USD 76 million in equity in late 2008 (CNET's Green Tech blog.).  
It has been observed that methanogenesis have not reached that scale application as other MEOR processes. Despite the 
researches, positive lab results, methanogenesis is still not mature. There is still lack of understanding in microbial crude oil 
conversion into methane and lack of mathematical models that can be used to integrate the microbial behaviour for different 
reservoirs. 
Economical Advantage of Methanogenesis 
Information about the economics of microbial processes to recover the oil is scarce. The important factors to consider are the 
time required to pay back the investment in the treatment and the length of time that will be required to convert the residual oil 
in place into methane.  
Recovery of residual oil by converting it into methane could have several economic advantages:  the benefits from the oil 
reservoir could be extended by as much as 20 years; existing facilities could require only slight modifications, it can be applied 
to existing wells, thus cost for the exploration and reserve development would be low; injected microbes and nutrients are 
cheap and easy to handle in the field and independent of oil price; low energy requirement for microbes to produce methane; 
cellular products are biodegradable and therefore can be considered environmentally friendly. 
Methanogenic pathways and types of methanogens 
Three major groups of archaebacteria can be recognized depending on metabolic or ecological properties: the methanogens, 
the halophiles and the thermoacidophile. The methanogens are distinguished by their unique energy metabolism, in which 
methane is a main product.  
The catabolic pathways of methanogens can be divided into three groups: CO2 reducing, methylotrophic, and aceticlastic 
pathways.  CO2 reducing pathways use H2 as a source of electrons to convert CO2 to methane. Methylotrophic pathways 
catabolise compounds that contain methyl groups, such as methanol, methylated amines. Typically the methyl group is 
transferred to a methyl carrier and reduced to methane. Acetate pathway splits acetate, oxidizes the carboxyl group to CO2 and 
reduces the methyl group to methane (Ferry 1993; Large 1983).  
The typical substrates and reactions for each pathway are presented in Table 2 (Large 1983; Donaldson et al. 1989; Funke at 
al. 2010). 
Table 2: General Methanogenic pathways
 
 
CH4 fermentation is thought to involve three major stages although other groups are also involved. The first stage involves the 
breakdown of polymers, such as proteins, fats and carbohydrates to organic acids, amino acids, fatty acids and alcohols by 
hydrolic and fermentative bacteria. In the second stage, acetogenic bacteria convert the amino acids, fatty acids and sugars into 
carbonic acids, hydrogen, carbon dioxide and ammonia. In the third stage, acetogenic bacteria convert the organic acids into 
acetic acid, hydrogen, and carbon dioxide. In the last stage, methanogens convert hydrogen, acetic acid and carbon dioxide 
into methane and carbon dioxide. 
Methabolic biodegradation of oil can theoretically happen through any of these pathways. It can be simplified as follows: 
hydrocarbons are converted into hydrogen, acetate and carbon dioxide by syntrophs and then partially converted into methane 
by methanogens.  
The most fundamental model of bioreactions (methanogenesis) for microbial conversion process of residual oil (assuming as 
alkanes) to methane is summarized in Fig 1. (Maeda et al. 2009) 
1) Hydrogen producing reaction from oil alkanes 
CnH2n+2 + nH2O → n/2CH3COOH + (n+1) H2 
2) Hydrogen producing reaction from acetic acid 
CH3COOH + 2H2O → 4H2 + 2CO2 
Pathway Main substrate Reaction
CO2 reduction Hydrogen 4H2 + CO2 → CH4 + 2H2O
Formate 4HCOO¯ + 4H
⁺
 → CH4 + 3CO2 + 2H2O
Carbon monoxide 4CO + 5 H2O → CH4 + 3HCO3¯ + 3H
⁺
Short chain alcohols 2CH3CH2OH + HCO3¯ → 2CH3COO¯ + H
⁺
 + CH4 + H2O
Nydrogen/ Methanol CH3OH + H2 → CH4 + H2O
Acetoclastic Acetate CH2COO¯ + H2O → CH4 + HCO3¯
Methylotrophic Methanol 4CH3OH → 3CH4 + CO2 + 2H2O
Methylated amines 2(CH3)3N + 6H2O → 9CH4 + 3CO2 + 4NH4
Methylated sulphides 2(CH3)2S + 2H2O → 3CH4 + CO2 + 2H2S
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3) Methane producing reaction from acetic acid 
CH3COOH → CH4 + CO2 
4) Methane producing reaction from hydrogen and carbon dioxide 
CO2 + 4H4   → CH4 + 2H2O 
 
 
 
 
 
 
 
 
 
Figure 1: Estimated reaction for microbial conversion process of residual oil (alkane) to methane 
Methane conversion from carbon dioxide and hydrogen is supposed to be a self-progressive reaction pathway. Hydrogen is 
rarely detected in anaerobic environments since it is highly desirable substrate for acetogens and methanogens which are often 
found in the oil and gas reservoirs.  
The microorganisms responsible for CH4 production are small morphologically diverse bacteria that produce CH4 by means of 
a unique mode of energy-yielding metabolism. The classification and characteristics of methanogenic bacteria is listed in 
Table 3 (Large 1983; Funke et al. 2010). 
Table 3: Classification and characteristics of Methanogenic Bacteria 
 
Methanogens require special techniques for their isolation and cultivation. Most utilize H2, CO2 as a growth substrate, and 
some species will also use formate. The isolation, handling and growth of methanogenic bacteria are extremely difficult and 
they require oxygen-free conditions.  The most species can grow in mineral salts media containing CO2 as carbon source and 
H2 as an energy source. Bacteria and their survival dependant on the nutrients fed to them. In fact, microbes may already exist 
in the reservoir surviving at a very low metabolic rate, waiting for the right conditions in order to regenerate.    
Environmental constraints 
Several factors affect microbial growth and activity. In oil reservoirs, such environmental constraints allow us to determine the 
suitability of microorganisms.  Some factors are related to substrates used by methanogens, such as the oil composition, water 
content and required nutrient availability. 
Composition of oil: Oil is a homogeneous mixture of different kinds of hydrocarbons, such as aliphatic hydrocarbons, 
aromatics, asphalt resins and asphaltenes.  Methanogens depend on the content of substances in the oil; these substances are 
listed in descending order of bacteria’s preference: n-alkanes, paraffin short chains, paraffin long chains, isoparaffin, 
cycloparaffin, aromatic, aliphatic and aromatic polycyclic, heterocyclic, asphaltenes. It should be noted that some microbes, 
under anaerobic conditions, destroy the light oil molecules to get the energy needed for their growth, this is known as 
biodegradation.  Oils with large fractions of light hydrocarbons are degraded more easily; therefore they are most viable 
substrates for oil methanogenesis.  
Water content: sufficient amount of water is important for methanogenesis; higher water contents tend to enhance microbial 
growth.  
Nutrient availability: Nutrient availability is one of the key factors of methanogenesis, as the products produced by bacteria 
and their survival dependant on the nutrient fed to them such as phosphates, nitrates, vitamins and trace elements. Also to 
sustain and prolong the maximum level of required bacteria count, an optimum concentration of nutrient and the right type of 
nutrients is desired. Nutrient selection can only be done after a detailed study and testing period.  From the different studies it 
has been determined that methane production rates are enhanced in the presence of nutrients, thus methanogenesis process 
depends on nutrient type and its sufficient amount (Head et al. 2010; Zahid et al. 2007).   
Actual reservoir characteristics are also very important for  the survival and activity of methanogens.  
Methanobacterium H2, CO2, formate
Methanobrevibacter H2, CO2, formate
Methanococcus H2, CO2, formate
Methanomicrobium H2, CO2, formate
Methanogenium H2, CO2, formate
Methanospirillum H2, CO2, formate
Methanosarcina H2, CO2, formate
20- 25
30 -37
40
6.8 - 7.3
6.6 - 7.4
6.0 - 7.0
38 7.2
36-40 7.0 -9.0
40 6.1 - 6.9
Temperature 
optimun (°C) 
pH optimum
37 7
Species Substates 
CH3COOH 
Alkane 
(CnH2n+2 ) 
CH4 + CO2 
H2 + (CO2) CH4 
1)Alkane 
oxidation 
2)Acetate Oxidation 
3)Aceticlastic 
Methanogenesis 
4)HydrogentropnicMetha
nogenesis 
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Temperature: Temperature is very important and plays a very vital role in methanogenesis. At high temperatures bacteria 
growth and their metabolic processes would be highly influenced in the anaerobic nutrient environment.  Under the correct 
conditions of temperature, biogenic methane can accumulate in higher rates. Typical temperature of the reservoir to microbial 
activity is up to 80°C. Thus, at temperatures lower than this will contain more biodegradable oil than those at higher 
temperature (Segovia et al. 2009). 
Methanogens have been found in several extreme environments on Earth - buried under kilometers of ice in Greenland and 
living in hot, dry desert soil. They can reproduce at temperatures of 15 to 100°C. They are known to be the most common 
archaebacteria in deep subterranean habitats. Live microbes producing methane were found in a glacial ice core sample 
retrieved from three kilometers under Greenland by researchers from the University of California, Berkeley (Proceedings of 
the National Academy of Sciences). 
Nevertheless, rates of methane production would vary depending on the reservoir temperature; consequently in order to obtain 
high production rates the reservoir temperature must suit microorganisms for their survival and growth.  In high temperature 
reservoirs, the development to such microorganisms which can sustain and stimulate their growth is a big challenge.   
Pressure: The effects of pressure on microbial growth under deep reservoir conditions were investigated by ZoBell and Johson 
in 1949. They called those microbes barophilic whose growth was enhanced by increasing pressure. Other classifications of 
microorganisms are based on their microbial growth is inhibited at standard conditions (piezophiles) or above 40 MPa 
(piezotolerants). Although, the studies on microbial growth under high pressures are limited, the conception is that the 
reservoir pressure should not exceed 13 500 psi (Segovia et al. 2009). 
Salinity: In general, bacteria can grow in low concentrations of salt; otherwise, a successful growth of bacteria would be 
inhibited. Some methanogenic pathways can be inhibited at high salt ion concentrations. Although reservoir salinity might not 
be detrimental, it can be an issue if exogenous methanogens were to be injected into a reservoir. The optimum salinity ranges 
for reservoir are variable, but the upper limit is 120 000 mg/l or 12% of NaCl and the optimum pH range for the bacteria to 
survive is about 7 to 8 (Segovia et al. 2009). 
Pore size/geometry: One study has concluded that substantial bacterial activity is achieved when there are interconnections of 
pores having at least 0.2µ diameter. It is expected that pore size and geometry may affect chemotaxis as well as flow of 
nutrients. However, this has not been proven at oil reservoir conditions (Fredrickson et al. 1997). 
 
Review of North Sea Oil Reservoirs 
After more than 40 years exploration in and around Britain has reached a mature stage. UK is producing around 4.3 million 
barrels of oil from its 239 offshore and onshore fields (Gluyas et al. 2003). Much oil remains in reservoirs after conventional 
recovery methods. In the North Sea, current average recovery factors are above 40%. Different enhanced oil recovery methods 
have been initiated (Hydrocarbon Miscible Gas, WAG, SWAG, FAWAG and MEOR).  MEOR if effectively applied and 
implemented in mature assets can also maintain reservoir pressure by selective microbial degradation processes that can 
degrade the hydrocarbons to gaseous phase. A very little experience about MEOR processes has been obtained in the North 
Sea. The only two known offshore trials of MEOR are Norne (Norway) and Bokor (Malaysia) (Awan 2008). Even less 
experience has been obtained on methanogenesis, although a lot of studies have been conducted at the laboratory level to 
estimate the potential for microbial methane production under actual reservoir pressure and temperature. In this work 
evaluation of MEOR has been made with emphasis on producing methane by the application of new economic 
methanogenesis.  
Factors affecting Methanogenesis in Oil Reservoirs 
The following are the common factors that need to be considered before applying methanogenesis (Zahid et al. 2007). These 
parameters can vary widely from reservoir to reservoir.  
Structural analysis. Structural analysis must be done in order to have an optimized plan before injecting water with microbes 
and nutrients into the formation. It is necessary to know the water saturation, spatial distribution of oil, spatial distribution of 
faces and faults representation. If structure is analyzed incorrectly there is a chance that the microbes would act as bad 
candidate (Zahid et al. 2007).  
Geological complexity: Geological complexity plays a vital role when injecting the methanogens into the reservoir and 
performing their functions. Due to changes in permeability, wettability and etc. the bacteria might not reach the target zone. 
(Zahid et al. 2007). 
Distribution of poral size: The sizes of bacteria ranges among from 1 to 4 micrometers long and 0.1 and 0.3 in thickness 
(Segovia et al. 2009), so it is preferable to select oil reservoirs with big pores, as they are interconnected into big throats, while 
small pores are poorly connected and they can disturb the bacteria movement.  Thus to ensure free pass for the bacteria pore 
throats desired to vary between 0.3 and 2.1 microns or be more than 1 micron. 
Permeability: jreservoirs, permeability is necessary for selecting the strain of bacteria and its survival/ feeding technique and 
composition. High permeability reservoirs are quite suitable for methanogenesis.  Desirable values for reservoir permeability 
vary from 0.1 to 600 mD (Segovia et al. 2009). 
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Reservoir temperature: Temperature plays a vital role in methanogenesis. Bacterial growth and their metabolic processes 
would be highly influenced at high temperatures. So, the reservoir temperature must suit the microorganism for their faster 
growth and higher methane production rates (Zahid et al. 2007). 
Oil saturation: It is desirable to have not less than 20% for residual oil saturation (Segovia et al. 2009). 
C, N, P sources: These sources are necessary for bacteria to survive.  
There are many other factors which should be studied so that methanogens’ growth and stimulation could not be affected by 
formation. These are: fluid evaluation: hydrocarbon compositional analysis; fluid chemistry and composition; depth of 
reservoir; salinity of formation water; formation water sample analysis; net oil increment: estimates (Zahid et al. 2007). 
Selecting the oil reservoir and its description 
Selecting the reservoir for methanogenesis can be challenging task. Candidate selection for methanogenesis requires 
consideration of number of parameters before MEOR can be successfully implemented. There are a lot of North Sea Oil Fields 
that could be suitable for methanogenesis. Fig. 2 represents North Sea oil fields at their reservoir temperature and salinity. It 
can be seen that 23 oil fields among the fields that have been reviewed are good enough with temperatures low enough to 
allow microbes to live. It shows that the large volumes of reservoirs could be potentially converted into gas fields.  
 
Figure 2. Representation of North Sea Oil Fields. 
The Forties oil reservoir was selected in this study, as it is very big North Sea oil reservoir with 4196 MMBBL of STOIIP and 
comply with most of the reservoir characteristic constraints described above 
The Forties Field which was discovered in 1970 is located 180 km ENE of Aberdeen.  The reservoir occurs in thick Upper 
Paleocene sandstones of the Montrose Formation.  Reservoir characteristics are given in Table 4 (Gluyas et al. 2003). 
Table 4: Forties Field reservoir and Fluid Properties 
 
Parameter Units Value
Formation thickness, h ft 509
Reservoir average porosity, ϕ fraction 0.27
Residual oil saturation, S or fraction 0.2
Average permeability, k mD 400
Reservoir temperature at 2175 mss, t °F 195
Reservoir pressure at 2175 mss, P psig 3215
Salinity (NaCl) ppm 55 000
Oil gravity °API 37.0
Oil viscosity, μ cp 0.8
Gas/oil ratio scf/bbl 300.0
Formation volume factor, B o rb/stb 1.2
Field area, A acres 23000
Number of producing wells 59
Number of injection wells, W 11
Net/Gross ratio (%) 0.65
Recovery factor (%) 57
STOOIP MMBbl 4196
Recoverable oil MMBbl 2545
Production rate plateau oil, Q BOPD 520 000
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Reservoir Engineering Analysis of Methanogenesis 
The application considered in this study is the generation of methane as a product from the oil remaining in a reservoir after oil 
production has ceased to be economic.  There are two possible alternative assumptions: 
1) The inoculation the reservoir with methanogens and nutrients after the end of economic oil production. 
2) Just nutrient injection and assume that there are suitable native microbes already in the reservoir. 
 There are two possible modes of operation: 
1) Continuous injection water with nutrients and assume that gas will be produced in sufficient volumes to make continued 
operation of the field worthwhile. 
2) Inject a pore volume of nutrients (and possibly microbes), leave for a period of time and then produce the gas. 
Methanogenesis by continuous water injection and its performance constraints 
In this section fundamental premises of methanogenesis are studied from the perspectives of reservoir and reaction 
engineering. The basis for methanogenesis implementation and its scale up and engineering aspects There are two possible 
modes of operation: 
1) Continuous injection water with nutrients and assume that gas will be produced in sufficient volumes to make continued 
operation of the field worthwhile. 
2) Inject a pore volume of nutrients (and possibly microbes), leave for a period of time and then produce the gasare defined 
based on the studies of Bryant and Lockhart (2002).  In their study they use microbes to produce chemicals (polymers, 
surfactants, methane or CO2) that will improve the microscopic displacement efficiency of oil by water either by reducing 
water-oil interfacial tension (biosurfactants), increasing water viscosity (polymers)  or reducing oil viscosity (CO2 or methane 
dissolved in the oil).  According to them the microscopic displacement efficiency can be improved in two ways: 
1. inject a slug of nutrients (and maybe microbes) around the injection well, shut the well in and leave the nutrients and  
microbes to brew for a while.  They then produce a volume of the active chemical that will be displaced into the 
reservoir once water injection is resumed and will improve the microscopic displacement characteristics of the water 
front (i.e. an EOR process); 
2. continuous injection of water with nutrients whereby water is injected to displace oil and the chemicals are produced 
continuously from native microbes during injection to improve recovery. 
The basis for this study is the generation of methane as a product from the oil remaining in a reservoir based on the studies of 
Bryant and Lockhart (2002). The analysis considers both the reservoir inoculation with methanogens and activation of 
indigenous microbes through nutrient injection. Reservoir and reaction engineering parameters lead to the identification of 
several important technical challenges for this process. There are different types of in-situ bioreactors can be envisioned 
depending on type and properties of the methanogens. In this study it is assumed that the methanogenesis imply inoculation of 
injection wells with microbes, shut-in for a suitable incubation period, and resumption of waterflooding with water containing 
appropriate nutrients. It is also assumed that the carbon source for the microbes is the residual oil in the formation. When 
waterflooding resumes, the bacteria within each bioreactor convert the hydrocarbon into methane and produced methane 
segregate to gas cap. The incubation period establishes bioreactors extending a radial distance rm from each injector. Microbes 
are assumed to remain stationary once established.  
Performance constraints for methanogenesis are summarized in Table 5 (S. Bryant et al., 2002) 
Table 5: Key options for methanogenesis implementation 
 
Residence time and reaction time. Residence time –  the amount of time fluid spends within the reactor, depends on operating 
conditions; reaction time – the amount of time required for the concentration of a reaction product to reach a desired level, 
depends on the behavior of the microbial system. The residence time is given by  
         
          ……………………………… (1) 
Where Q = the volumetric injection rate, h = the formation thickness, Sor = the residual oil saturation, rm  = bioreactor extent. If 
nutrient N is injected at concentration N0 the reaction time required to reach a concentration Creq  of methane is calculated by 
Design Feature Design Options Comments
Carbon source in-situ Residual oil
Ex-situ Added to injected water
Microbe origin Indigenous Nature bacteria, specific to individual reservoir
Exogenous Bacteria cultivated for utility in methanogenesis; must adapt to reservoir 
conditions
Reactor type Fixed Microbes extend a finite, constant distance from wellbore
Growing Extend of microbes from wellbore increases as biomass is created
Mobile Microbes are suspended in aqueous phase and propagate without 
retention 
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……..………………………… (2) 
νN  = conversion efficiency of nutrient to methane,  k1 = reaction rate constant. If τres is less than τrxn, the bioreactor cannot 
produce the required product concentration. Thus, for successful operation, methanogenesis must satisfy the constraint that 
τres>τrxn to achieve a desired concentration of methane, it is the criterion for the methanogenesis. Example microbial system 
characteristics are given in Table 6 for quantitative assessment of this criterion. The oil density has been calculated from the 
oil gravity given in the Table 4, gas density has been calculated using the ideal gas law. Other parameters in Table 6 are taken 
from the example given in the Bryant and Lockhart study (2002).  
Table 6: Microbial system characteristics 
 
One illustration of this criterion is the injection rate tradeoff. Assume a bioreactor extending to rm = 30 ft has been established 
around each injector. If the required methane concentration is Creq=1%, the injection water contains nutrient at a concentration 
N0=5%, and the conversion efficiency νN=0.5, then an injection rate of 1000 BWPD requires a rate constant k1 not less than 
0.008 day
-1
. In Fig. 3 it can be seen that higher flow rates imply lower residence time and consequently require higher rate 
constants. The region above the line satisfies the residence time constraint; operating in the region below the line cannot 
produce required methane concentration. The concentration of the residual oil does not influence the rate of methane 
production; probably it will decline with the oil saturation.  
Figure 3: In order to success in operation, methanogenesis 
must satisfy the constraint that τres>τrxn to achieve a desired 
concentration of methane, it is the criterion for the 
methanogenesis. This is a graphical representation of 
relationship between the reaction rate constant and the 
injection rate.  
Figure 4: Representation of the relationship between methane 
slug size and injection well spacing. The injection well 
spacing required to obtain a desired slug volume would 
require a very large number of injection wells, which 
corresponds to a spacing of less than 42 acres. 
Parameter Units Value
Injection rate, Q B/D/injector 1000
Oil density, ρ o kg/m
3
839.8
Water density, ρ w kg/m
3
1000
Gas density, ρ g kg/m
3
126
Bioreactor extent, rm ft 30
Required concentration of bioproduct C, Creq mass fraction 0.01
Injected concentration of rate controlling nutrient N, N 0 mass fraction 0.05
Reaction rate constant, k 1 1/day 0.008
Carbon yield, ν h mass of bioproduct produced/mass 
carbon consumed
0.5
Convertion efficiency of nutrient N  to product C , ν n mass of bioproduct produced/mass 
nutrient N  consumed
0.5
Stoichiometric coefficient of corereactor M , ν m mass of M  consumed/mass nutrient N 
consumed
0.001
Number of injection wells, W 11
Injection well spacing ft
2 91 080 000
  
For the example reservoir the values of residence and reaction times are as follows: τres=67 days, τrxn=64 days. More realistic 
calculations might depend on bacteria concentration, which will vary with time and position in the formation, thus a solution 
will not be as simple as given. But the point here is that the residence time within bioreactor must not be less than reaction 
time necessary to reach the required concentration of methane.  
In case when indigenous microbes are used, the residence time is the travel time between injector and producer and above 
criteria can easily be satisfied.  
The analytical results are summarized in Table 7.  
In-situ hydrocarbon conversion. The amount of in-situ hydrocarbon within each bioreactor is finite, so this has some 
important consequences. The maximum concentration Cmax of produced methane within the bioreactor is given by 
       
   
     
  
  
………………………………… (3) 
Where νH = the mass of methane produced per unit mass oil consumed. It is assumed that all oil in the bioreactor is converted 
immediately. In the example reservoir of Tables 4 and 6, Cmax=0.105. Apparently, if Creq>Cmax, this microbial system would 
not work, so the concentration of methane obtained after waterflooding will be less than this maximum.  
Another important factor of using hydrocarbon is the maximum volume of produced methane which is given by 
         
      
  
  
  
    
………………………… (4) 
Where W=number of injection wells. Using the given reservoir characteristic data given in Tables 4 and 6 it can be predicted 
that the maximum volume of produced methane is 343 million scf. This mode of operation considers continuous injection of 
water with nutrients whereby the methane is produced continuously from native microbes during injection to form a gas cap.  
However, there is a possibility that gas is not being produced quickly enough by the microbes to actually form the gas cap and 
produce it during the injection at the same time as there is no stated value about the rates of microbial growth in-situ. 
Expression Vmax as a function of the reservoir pore volume yields: 
      
  
  
   
      
     
……………….………………… (5) 
Where fslug=the slug size in reservoir pore volume and L=injection well spacing.  These constraints can be interpreted in the 
following way: the injection well spacing required to obtain a desired slug volume would require a very large number of 
injection wells, which corresponds to a spacing of less than 42 acres as illustrated in Fig. 4. This number would increase if the 
required methane concentration could be reduced, thus less injection wells would be required. This calculation ignores the 
solubility of methane in crude oil.  
The above constraint is for the fixed mass of the hydrocarbon within the bioreactor. If the reactors are extending as microbes 
multiply, mass of hydrocarbon increases proportionally, and the slug size should be calculated at the ultimate value of rm.  
The analytical results are given in Table 7. 
Nutrient injection to in-situ reactors. Bacteria require nutrients for their growth and survive. The most likely method of 
supplying the nutrients is through the injected water. The aqueous solubility of nutrients is limited, thus it leads to the limiting 
reactant. If the injected water contains nutrient N at a concentration less than required concentration N0, the microbes will not 
be able to produce enough concentration of methane. In general, there will be a maximum possible injected concentration of 
nutrient N. In this case the concentration of N depends on radial position rm as follows: 
         
            
 
   ………………… (6) 
From the practical point of view, nutrient N might be considered to be exhausted when its concentration reaches N=0.01N0. In 
this case the nutrient N would be exhausted at r = 87 ft. Microbes more than 87 ft from the wellbore would produce minimum 
methane. It might be that the bacteria multiplication depends on nutrient concentration, and then their growth will be faster 
near the wellbore. Consequently, the increasing population of methanogens will increase the rate of nutrient consumption near 
wellbore. The analytical results are summarized in the following table: 
Table 7: Analytical results of example reservoir methanogenesis implementation 
 
Quantitative data for parameters such as the rate of biological reaction, the yield of the reaction, the concentration of reaction 
product, and time fluid spends within the reactor are reported.   
 
Residence time, τres (Day) 67
Reaction time,τrxn (Day) 64
Max. concentration of bioproduct, Cmax (mass fraction) 0.105
Max.volume of bioproduct, Vmax (ft
3
) 3.43E+08
Concentration of nutrient N, (mass fraction) 0.03
Maximum slug size of methane, PV 0.002
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Evaluation of Methanogenesis by incubation of nutrients and microbes. 
The second mode of operation is injection of a pore volume of nutrients (and possibly microbes), leave for a period of time and 
then produce the gas. 
The methanogenesis implementation assumptions are as follows: 
1) The estimation of the volume of water with nutrients (and possibly microbes) that will be injected and time required 
to inject the pore volume of the reservoir; 
2) Assumption of microbes origin (indigenous or injected microbes); 
3) Methane production – rates of methane production, volume of methane that will be produced; 
4) Estimation of volume of gas that will dissolve in oil (if undersaturated); 
5) Estimation of volume of mobile gas and time required to segregate and form a gas cap. 
The volume of water with nutrients that will be injected to the Forties field is the pore volume of the reservoir. Volumetric 
analysis made by Odell and Rosing (1977) shows that volumetric calculations for the Forties field calculated in four different 
ways. The bulk volume in each case is differing from each other. For this work it has been decided to use the value from BP 
which is 3729 million m
3
. If water containing nutrients will be injected with rate of 10 000 bbl/day using 11 injection wells, it 
takes about 4 years to inject pore volume of Forties field as shown in Table 8. 
Table 8: Forties field water injection profile 
 
If the methanogens are already existing in the reservoir they will multiply if sufficient nutrients will be available for their 
growth and there is no need to inject microbes into the reservoir. However, as far as it is known, there is no proven information 
about the rates of microbial growth in situ, and it can be assumed that it is very small. As the amount of microbes in the 
reservoir cannot be predicted, there is a chance that there will not be sufficient amount of methanogens to convert the unit of 
residual oil into methane. Therefore, it is assumed to inject water with microbes and nutrients for the Forties field.   
Once injection wells have been inoculated with microbes and nutrients, they are shut-in for a suitable incubation period as 
bacteria need some time to convert oil into methane. Gieg et al. (2008) stated in his work that methane production from the 
residual oil ensued at rates ranging from 0.15 to 0.40 μmol CH4/day/g core or 11 to 31 μmol/day/g oil. Assuming that 1 mole 
of CH4 equals to 16 g of CH4 it is easy to calculate the volume of methane produced from the volume of residual oil. Three 
cases were considered in calculating the volume of produced methane - low case (11 μmol CH4/day/g oil), base case (21 μmol 
CH4/day/g oil) and best case (31 μmol CH4/day/g oil). The calculations were made considering different amount of residual oil 
to be converted from 10% to 100%. It is assumed that the volume residual oil left in the reservoir is 1651 MMBBL. 
At first, the mass of produced methane from the mass of oil is estimated, which was converted afterwards to the volume of 
produced methane at reservoir temperature and pressure conditions using the ideal gas law. The gas law as applied to the 
behavior of natural gas is most commonly stated as: 
                                               
   
 
………………..……………………………… (7) 
where P = absolute pressure of the gas (Pa); V = the volume (m
3
); n = amount of substance (mole); R = gas constant 
(8.314472 J/K·mol); and T = absolute temperature (K). 
Calculation results for the base case are of given in Table 9. 
There are different considerations in estimating performance and the factors controlling performance, specifically: 
a) need to consider whether the remaining oil in the reservoir (that has not been converted to gas) is saturated with gas.  Then 
produced gas will stay as gas rather than dissolve in the oil. If it is undersaturated, then the produced gas will first dissolve in 
the oil until the oil is saturated. Once the oil is saturated then the gas will be free gas. 
In case when the reservoir oil is undersaturated, in order to estimate the volume of oil that will dissolve in the oil solution gas-
oil ratio should be calculated taking into account the changing reservoir pressure using: 
                                                   
 
   
 
 
……………..………….……………… (8) 
where a, b and c are constants and for hydrocarbons equal to  
a=1.922; b=0.2552 
coil = 0.3576 + 1.168γg + (0.0027 - 0.00492 γg)T - (4.51*10
-6 
- 8.198*10
-6 γg)T
2…... (9) 
Parameter Unit Value
Bulk volume million m
3
3 729
Reservoir Saturation fraction 0.27
Number of wells 11
Injection rate bbl/day 10 000
Volume of water to be injected MMBBL 160
Injection period years 4
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γg = gas specific gravity, γg=0.65 
The calculation results of methane solubility in oil at changing reservoir pressure are given in Table B-1.  
In general, solubility will increase as the pressure increases, and as the temperature decreases as shown in Fig. B-2. As the oil 
is not produced, then the reservoir pressure will increase, thus increasing the amount of gas that can dissolve in the oil.  
As the reservoir pressure of Forties field is 3215 psi the methane solubility in oil assumed to the same as the solubility at 
pressure 3200 psi which is 590 scf/bbl. The total volume of methane that can be dissolved in the oil at reservoir conditions are 
given in Table 9.  
According to the calculations the total volume of dissolved methane in the oil exceeds the volume of produced methane in the 
reservoir at given pressure and temperature resulting in the failure of this method in rejuvenating of oil reservoirs. Even if 90% 
of residual oil in place were converted into methane, all produced methane would dissolve in the remaining oil. It should be 
pointed out that even undersaturated oil will already contain some dissolved gas so a much smaller volume of gas may actually 
dissolve in the oil at reservoir conditions. Even so, in order to produce lots of gas and be able to produce it at a high enough 
rate for it to be economic the residual oil of the reservoir should already be saturated with gas. Only at that case 
methanogenesis process could be considered as successful for the example reservoir. 
 Table 9: Methane production calculations for the Base case.   
 
Assuming the residual oil is saturated with gas and there is no free gas initially, produced free gas will first be trapped in the 
pore space until its saturation exceeds the critical gas saturation.  At that point it can move and will segregate from the oil 
forming a secondary gas cap.  Once this gets large enough it can form a secondary gas cap. A typical value for critical gas 
saturation is 3-5% (Dosher et al. 1982). It is assumed that critical gas saturation of Forties field is Sgc =3%. If the reservoir bulk 
volume is assumed to be 3729 million m
3
 as used in previous calculations, then the volume of immobile methane is more than 
1000 million scf. This value exceeds the volume of methane produced in the reservoir even for the best case when 100% of 
residual oil will be converted into gas with highest conversion rate. Obtained results shows that methanogenesis process for the 
example reservoir is not economically acceptable and cannot be considered as a means for rejuvenating mature and abandoned 
reservoirs.   
In case when gas production is high enough not to be trapped in reservoir pores then the time required for it to segregate and 
form a gas cap can be estimated. When the gas is produced in the reservoir, gas will segregate from the oil; force 
of gravity pushes hydrocarbons out of the reservoir, into the wellbore and up to surface forming a secondary gas cap. In order 
to estimate how long it might take for the mobile gas to form a gas cap, the time scales for gravity drainage as a function of 
viscosity, density difference and reservoir permeability are investigated using analytical solutions. 
Darcy’s law can be used in order to calculate the maximum rate of gas flow through the reservoir. The maximum rate of flow 
due to density difference between oil and gas in one dimensional matrix block in the vertical direction is given by: 







dz
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q c
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v 

…………………………… (10) 
where q = flow rate, Kv =  vertical permeability of the matrix block, A =  cross sectional area, μo = oil viscosity, Δρ = density 
difference between oil and gas, g= acceleration due to gravity, Pc = capillary pressure (Dake, 1978). 
If capillary pressure is ignored, equation can be rearranged and solved for the time t: 
gK
H
t
v
O



 ………………………………….……… (11) 
where,   = matrix porosity, H = height from the top of the matrix block to the drainage point in m. 
Volume of 
residual oil, 
MMBBL
Fraction of 
residual oil to 
be converted
Volume of 
converted oil, 
MMBBL
Volume of 
produced methane, 
scf
Volume of 
dissolved 
methane, scf
1651 0.1 165 2.23E+06 8.77E+11
0.2 330 4.46E+06 7.80E+11
0.3 495 6.69E+06 6.82E+11
0.4 660 8.92E+06 5.85E+11
0.5 826 1.11E+07 4.87E+11
0.6 991 1.34E+07 3.90E+11
0.7 1156 1.56E+07 2.92E+11
0.8 1321 1.78E+07 1.95E+11
0.9 1486 2.01E+07 9.74E+10
1.0 1651 2.23E+07 0.00E+00
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The viscosity of gas was taken from the experimental viscosity data for methane summarized by Gonzales et al. (1967). 
Viscosity data are presented for temperatures 100 to 340 F and pressures from 200 to 8000 psia. As the reservoir pressure and 
temperature of Forties field are about 3215 psi and 195 F respectively, the viscosity values for the different pressures at 195 F 
were calculated by extrapolation of available data given by Gonzales et al.  as can be seen in Table B-3. Thus, according to the 
calculations, it is assumed that methane viscosity is set to be 0.0186 cP at the example reservoir characteristics.  
The vertical permeability of the matrix is expected to be one of the important parameters that affect the gas flow. The vertical 
permeability of Forties field ranges from 20 to 1000 mD ( Ketzer et al. 2005). The effect of the permeability on the drainage 
time was investigated analytically using Eg. 11. Fig. 5. clearly illustrates the effect of permeability in the gravity drainage 
time. It can be seen that the time to drain hydrocarbon with low permeability can take more than 8 years.  
 
Figure 5: The effect of permeability in the gravity drainage time. 
Analytical calculation of time scales for gravity drainage is given in Table B-5. 
Vertical permeability influence the drainage time, thus in worst case it might take more than 8 years for methane to form a gas 
cap, and in best case at 1000 mD the drainage is accelerated and reduce the time needed to form the gas up to 0.18 years.   
 
Discussion  
The application considered in this study is the generation of methane as a product from the oil remaining in a reservoir after oil 
production has ceased to be economic.  In order  to analyze the technical feasibility of methanogenesis the Forties oil field 
have been selected, as it is very big North Sea oil reservoir with 4196 MMBBL of STOIIP and comply to most of the reservoir 
characteristic constraints for microbial growth. 
There are two possible alternative assumptions: 
1) The inoculation the reservoir with methanogens and nutrients after the end of economic oil production. 
2) Just nutrients injection and assume that there are suitable native microbes already in the reservoir. 
If the methanogens are already existing in the reservoir they will multiply if sufficient nutrients will be available for their 
growth and there is no need to inject microbes into the reservoir. However, as far as it is known, there is no proven information 
about the rates of microbial growth in situ, and it can be assumed that it is very small. As the amount of microbes in the 
reservoir cannot be predicted, there is a chance that there will not be sufficient amount of methanogens to convert the unit of 
residual oil into methane. Therefore, it is assumed to inject water with microbes and nutrients for the Forties field.   
 There are two possible modes of operation: 
1) Continuous injection water with nutrients and assume that gas will be produced in sufficient volumes to make continued 
operation of the field worthwhile. 
2) Inject a pore volume of nutrients (and possibly microbes), leave for a period of time and then produce the gas. 
Methanogenesis by continuous water injection considers that the methanogenesis imply inoculation of injection wells with 
microbes, shut-in for a suitable incubation period, and resumption of waterflooding with water containing appropriate 
nutrients. It is also assumed that the carbon source for the microbes is the residual oil in the formation. When waterflooding 
resumes, the bacteria within each bioreactor convert the hydrocarbon into methane and produced methane segregate to gas cap.  
However, as the velocity of microbial oil conversion into methane in-situ is not certain, it is possible that methane is not being 
produced quickly enough by the microbes to actually form a gas cap. Quantitative relationships have been established between 
reservoir characteristics, operating conditions, and microbial performance. Unfortunately, the current state of knowledge does 
not allow using these constraints to field implementation of methanogenesis. 
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The second mode of operation is injection of a pore volume of nutrients and microbes, leave for a period of time and then 
produce the gas. If water containing nutrients will be injected at rate of 10 000 bbl/day using 11 injection wells, it takes about 
4 years to inject pore volume of Forties field. 
Gieg et al. (2008) stated in his work that methane production from the residual oil ensued at rates ranging from 0.15 to 0.40 
μmol CH4/day/g core or 11 to 31 μmol/day/g oil. The same rates have been used for this analysis. The three cases have been 
considered and it was found that the rate of oil conversion into methane influence the methanogenesis implementation.  
If the oil that has not been converted into methane is saturated with gas then produced gas will stay as gas rather than dissolve 
in the oil. If it is undersaturated, then the produced gas will first dissolve in the oil until the oil is saturated. Calculations 
showed that the total volume of dissolved methane in the oil exceeds the total volume of produced methane in the reservoir at 
the given pressure and temperature, resulting in the failure of this method to rejuvenate of an oil reservoir. Even if 90% of 
residual oil in place will be converted into methane, all produced methane dissolves in the remaining oil. It should be pointed 
out that even undersaturated oil will already contain some dissolved gas so a much smaller volume of gas may actually 
dissolve in the oil at reservoir conditions. Even so, in order to produce lots of gas and be able to produce it at a high enough 
rate for it to be economic the residual oil of the reservoir should already be saturated with gas. Only at that case 
methanogenesis process could be considered as successful for the example reservoir. 
The volume of immobile methane exceeds the volume of methane produced in the reservoir even for the best case when 100% 
of residual oil will be converted into gas with highest conversion rate. Obtained results shows that methanogenesis process for 
the example reservoir is not economically acceptable and cannot be considered as a means for rejuvenating mature and 
abandoned reservoirs.   
There is a big uncertainty in all this calculations as there is a lack of understanding of the microbial physiology in oil 
reservoirs and mechanisms of microbial biodegradation and volumes/rates. 
Methanogenesis process might provide worthwhile quantities of gas in case if microbial production rate is higher than values 
given by Gieg et al. (2008). 
 
Conclusion 
This work has reviewed MEOR technology with special emphasis on methanogenesis, clearly reporting methanogenic 
pathways and types of microbes and their environmental constraints; historical review of methanogenesis field applications. It 
also analyzes the technical feasibility of MEOR (methanogenesis) in mature and abandoned North Sea Oil Reservoirs.    
North Sea oil reservoirs and factors affecting the methanogenesis were reviewed in order to determine the reservoirs where 
methanogenesis process could be applicable. In the process of selecting the reservoir where microbes might thrive, a list of 
North Sea Oil Reservoirs with field characteristics was made. The field that has been chosen for this work is Forties reservoir 
which is located 180 km ENE of Aberdeen operating from 1970.   
The following conclusions were obtained: 
1. Analysis with realistic values of reservoir and microbial parameters shows that methanogenesis process using residual 
oil as a carbon source must overcome severe performance constraints.  
2. There are a lot of North Sea Oil Fields that could be suitable for methanogenesis. 23 oil fields among the fields that 
have been reviewed are good enough with temperatures low enough to allow microbes to live. It shows that the large 
volumes of reservoirs could be potentially converted into gas fields. 
3. Quantitative relationships have been established between reservoir characteristics, operating conditions, and microbial 
performance. Unfortunately, the current state of knowledge does not allow the use of these constraints to accurately 
assess field implementation of methanogenesis. 
4. It has been found that successful Methanogenesis implementation is intimately linked to the rate of oil conversion into 
the methane. As far as it is known, there is no proven information about the rates of microbial growth in situ, and it 
can be assumed that it is very small; there is a lack of understanding of the mechanisms of subsurface anaerobic 
biodegradation.  
5. If water containing nutrients will be injected at the rate of 10 000 bbl/day using 11 injection wells, it takes about 4 
years to inject pore volume of Forties field. However, injecting more water into the Forties field would add an extra 
cost to the operation 
6. Based on the analytical calculations the volume of methane production was very low, which was not enough to 
segregate and form a gas cap, as the total volume of methane dissolving in the oil exceeded the maximum oil 
conversion yield, resulting to the failure of this method in rejuvenating of oil reservoirs. Even if 90% of residual oil in 
place will be converted into methane, all produced methane dissolves in the remaining oil. Thus, in order to produce 
lots of gas and be able to produce it at a high enough rate for it to be economic the residual oil of the reservoir should 
already be saturated with gas. Only at that case methanogenesis process could be considered as successful for the 
example reservoir.  
7. The volume of immobile methane is more than 1000 million scf exceeds the volume of methane produced in the 
reservoir; even for the best case when 100% of residual oil is converted into gas with highest conversion rate. 
Obtained results shows that r   
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8. In case when gas production is high enough to trap the reservoir pores the time required segregating and form a gas 
cap was estimated. Drainage time was highly influenced by vertical permeability; in worst case it might take more than 
8 years for methane to form a gas cap, and in best case at 1000 mD the drainage is accelerated and reduces the time 
needed to drain the gas up to 0.18 years.   
9. There is indeed uncertainty in the reservoir engineering analysis, as many characteristics of microbial physiology in oil 
reservoirs are poorly understood.  
 
Recommendations 
The current state of knowledge does not allow using this method to field implementation of methanogenesis, due to the lack of 
understanding of the mechanisms of subsurface anaerobic biodegradation. Thus, to develop an actual system for the 
methanogenesis it is important to verify the validity of the methane producing efficiency under reservoir conditions; it gives 
better quantification of reaction rates , better modelling of reactions and flows, better understanding of microbial physiology 
and accordingly to be confident in selection of nutrients and methanogens. Also more field testing is required to make 
economic evaluation and see if it holds true in the field.  
 
Nomenclature 
L= injection well spacing, L
2
, ft
2
 [acres] 
A = area, L
2
, ft
2
 [acres] 
fslug = slug volume, PV 
N = nutrient for microbial activity 
rm  = bioreactor extent, L, ft 
C = concentration of bioproduct 
N0 = Injected concentration of rate controlling nutrient  
k1 = reaction rate constant, t
-1
, day
-1 
νh  = carbon yield 
νn  = conversion efficiency of nutrient  
νm  = stoichiometric coefficient of corereactor  
W  = number of injection wells 
V =  volume, L
3
, ft
3
 [scf, m
3
] 
τres = Residence time, t, day 
τrxn = Reaction time, t, day 
h = formation thickness, L, ft [m] 
k= average reservoir permeability, L
2
, mD 
Kv = vertical permeability, L
2
, mD 
ϕ  = reservoir porosity 
ρ = fluid density, M/L3, kg/m3 
μ = fluid viscosity, m/Lt, cp 
B = formation volume factor, rb/stb 
T = absolute temperature, T, F, [K] 
P = absolute pressure, m/Lt
2,
 psi [Pa] 
Pc = capillary pressure, m/Lt
2,
 psi [Pa] 
q = flow rate, L
3
/t, bbl/day 
Qi  = injection rate, L
3
/t, bbl/day 
S = saturation  
Sor = residual oil saturation 
Sgc = critical gas saturation 
t = time, t, day [years] 
g = acceleration due to gravity, L/t
2
, m/s
2 
Rso = solution gas/oil ratio, scf/bbl 
γ = specific gravity  
R = gas constant, mL
2
/t
2
T, J/K·mol 
n = amount of substance, mole 
a, b, c = constants 
 
Subscripts 
w = water 
o = oil 
g = gas 
req = required 
max – maximum 
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APPENDIX A 
Critical Literature Review 
MILESTONES IN METHANOGENESIS STUDY 
TABLE OF CONTENT 
SPE 
Paper n 
Year Title Authors Contribution 
63229 
200
2 
“ Reservoir Engineering 
Analysis of Microbial 
Enhanced Oil Recovery ”  
Steven L. Bryant 
Thomas P.Lockhart  
Demonstrates quantitative relationships between 
microbial performance, reservoir characteristics, 
and operating conditions (well spacing, 
injection rates, residual oil saturation, etc.)  
 
101248 
 
2006 
“Research Study for Microbial 
Restoration of Methane 
Deposit with Subsurface CO2 
Sequestration into developed 
Gas/Oil fields” 
K.Fujiwara, 
T. Mukaidani,  
Y. Hattori, H. Maeda, 
Y.Miyagawa,  
K. Takabayashi,  
K. Okatsu 
Research into the microbial restoration of 
methane deposits. Laboratory estimation the 
potential for microbial methane production. 
 
DOE 
35356 
 
1996 
“ Worldwide Application of 
Microbial Technology for 
Improving Oil Recovery ” 
S. Bryant, 
Phonda P. Lindsey 
Discusses and gives useful information on the 
worldwide application of MEOR. Review 
promotion of microbial processes for improved 
oil recovery and related technology for solving 
environmental problems.  
 
122573 
 
2009 
“Development of Microbial 
Conversion of Residual Oil to 
Methane in Depleted Oil 
Fields” 
H.Maeda,Y.Miyagawa,  
M. Ikarashi,  
H. Kobayashi, K.Sato,  
S. Sakata, H.Mochimary 
Determined optimal combinations of the 
microbes to achieve an efficient methane 
production. Developed technology which can 
solve the reduction of carbon dioxide emissions 
and improve natural gas development. 
99546 2006 
“EOR Survey in the North 
Sea” 
A.R.Awan, 
R.Teigland, 
J. Kleppe 
This work does not introduce any new 
technology for EOR in the North Sea. It gives 
useful information on different EOR 
technologies. 
123072 2009 
“Improving MEOR 
Performance by a Selection 
Methodology in Mature 
Oilfields” 
G.C. Segovia,  
V.A. Huerta, 
 G.C. Gutierrez 
Improvement in well stimulation treatment 
selection, based on further available information 
from oil physical-chemical and rheological 
characterization.  
107052 2007 
“A Review on Microbial 
Enhanced Oil Recovery With 
Special Reference to 
Marginal/Uneconomical 
Reserves” 
S. Zahid,  
H.A. Khan,  
M.K. Zahoor 
Paper provides a review on MEOR technology 
with special reference to marginal/uneconomical 
reserves. Also this work outlines the strategies to 
identify and meet the challenge of oil recovering 
using MEOR techniques.  
15601 1986 
“ Mechanisms of Oil 
Displacement by 
Microorganisms” 
S.A. Kianipeu  
E.C. Donaldson 
This work showed the potential of MEOR and 
further revealed some of the mechanisms of oil 
displacement by three species of bacteria. 
123596 2009 
“Verification of Microbial 
Activities for Microbial 
Restoration of Methane 
Deposit With Subsurface CO2 
Sequestration into the 
Depleted Oil Fields”  
H. Otagaki,  
K. Fujiwara,  
Y. Hattori,  
K. Okatsu, 
Y. Sugai 
It has been understood that the methane 
conversion efficiency from CO2 was 
approximately 50%.  
114676 2008 
“Potential Enhanced Oil 
Recovery Processes: A 
Critical Analysis”  
Murray R.G.,  
Yeung, A.,  
Foght, J.M.   
This paper summarizes a critical review of 
possible microbial enhanced oil recovery 
methods and mechanisms to identify the most 
believable utilization of microbial technology to 
enhance oil recovery. Also it discusses broad 
applications of MEOR to field-wide 
improvement of oil displacement and recovery.  
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SPE 63229 (2000) 
“Reservoir Engineering Analysis of Microbial Enhanced Oil Recovery” 
Authors: Steven L. Bryant, Thomas P. Lockhart  
Contribution to the understanding of Microbial Enhanced oil recovery: 
In this study quantitative relationships between microbial performance, reservoir characteristics, and 
operating conditions (well spacing, injection rates, residual oil saturation, etc.) were demonstrated. 
Objective of the paper:   
To define a base case for MEOR implementation and examine its scale up and engineering aspects 
Methodology used:  
Scale-up of laboratory results, process design, and field implementation and operation. 
 It is assumed that the most likely implementation of MEOR will entail inoculation of injection 
wells with microbes, shut-in for a suitable incubation period, and resumption of waterflooding 
with water containing appropriate nutrients. 
 Microbes are assumed to remain stationary once established. 
Conclusion reached:  
1. Certain products of microbial reactions act upon the classical mechanisms governing oil displacement 
which is the same as chemical. Thus MEOR should be evaluated on the same basis as chemical EOR. 
2. Potential advantage of MEOR is the prospect of using residual oil as a carbon source.  
3. Analysis using plausible values of reservoir and microbial parameters indicates a MEOR process using 
in situ carbon must overcome severe performance constraints. Use of an ex situ carbon source 
circumvents or relaxes some of the technical constraints 
4. Analysis shows that it is unlikely that gases such as CO2 and CH4 could be produced in situ in the 
quantities needed for effective oil displacement. 
5. In situ generation of viscosifying agents is intrinsically unstable.  
6. Laboratory MEOR studies have not consistently demonstrated recovery of residual oil from cores at 
levels comparable to those of other EOR processes.  
7. MEOR field trials aimed at increased displacement efficiency appear to have been technical failures. 
Projects aimed at increased volumetric efficiency have given mixed results. Projects aimed at reducing 
permeability with biomass have better chance of success.  
Comments: 
This paper gives a good overview of reaction engineering constraints for MEOR, microbial reaction 
products and their effects for EOR.  
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SPE 101248 (2006) 
“Research Study for Microbial Restoration of Methane Deposit with Subsurface CO2 Sequestration into 
developed Gas/Oil fields” 
Authors:  K.Fujiwara, T. Mukaidani, Y. Hattori, H. Maeda, Y.Miyagawa, K. Takabayashi, K. Okatsu 
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
Research into the microbial restoration of methane deposits. Laboratory estimation the potential for 
microbial methane production.  
Objective of the paper:   
To do the fundamental study on an advanced technology of CO2 sequestration, namely to estimate the 
technological possibility of the microbial restoration of natural gas, using indigenous anaerobes in oil/gas 
fields combined with the technology of geological sequestration of CO2. The most important factors are 
the efficiency and velocity of methane conversion by indigenous anaerobes inhabiting a reservoir.  
Methodology used:  
1. Analyzing of fluid samples collected from Japan gas and oil fields in order to clarify an existence and 
survivability of indigenous hydrogen- and methane-producing anaerobes under severe reservoir 
conditions.  
2. PCR-DGGE (denaturing gradient gel electrophoresis) analysis, a molecular biology method was 
applied to reservoir samples. Some hydrogen-producing and methane-producing bacteria which 
participated in the microbial restoration of the natural gas were detected at the DNA level in some of the 
samples.  
Conclusion reached:  
1. It was demonstrated that a large variety of prokaryotic groups exists in oil reservoirs.  
2. Hydrogen and methane are able to be generated under the reservoir environment (high pressure and 
reservoir pore space) 
3. The velocity hydrogen production is susceptible to pressure, while methane production is not 
susceptible.  
4. Methane production may be accelerated in the reservoir porous media due to the adsorption of 
anaerobes on the surface of rock pore. 
5. Several pieces of evidence indicate the survivability of indigenous microbial communities in oil 
reservoir.  
6. From an economic viewpoint, the microbial restoration of methane deposits is feasible.  
Comments:  
Hydrogen-producing reactions and methane-producing reaction are summarized.  
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SPE/DOE 35356 (1996) 
 
“Worldwide Application of Microbial Technology for Improving Oil Recovery” 
Authors:  S. Bryant, Phonda P.Lindsey 
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
Discusses and gives useful information on the worldwide application of MEOR. Review promotion of 
microbial processes for improved oil recovery and related technology for solving environmental 
problems.  
Objective of the paper:   
To compile pertinent information and results from those papers to provide an overview of the state of the 
art of microbial technology with specific emphasis on current field applications.  
Methodology used:  
1. Analyzing of fluid samples collected from gas and oil fields in order to clarify an existence and 
survivability of indigenous hydrogen- and methane-producing anaerobes under severe reservoir 
conditions.  
2. PCR-DGGE (denaturing gradient gel electrophoresis) analysis, a molecular biology method was 
applied to reservoir samples. Some hydrogen-producing and methane-producing bacteria which 
participated in the microbial restoration of the natural gas were detected at the DNA level in some of the 
samples.  
Conclusion reached:  
Microbial improved oil recovery processes are now being designed by integrated disciplinary teams of 
microbiologists, geologists and petroleum engineers. There are still unknown facets of the technology, 
but in less than 10 years, microbial technology has been shown to be a reality throughout the world.  
Comments:  
This paper improves the knowledge of different MEOR applications.  
 
SPE 122573 (2009) 
“Development of Microbial Conversion of Residual Oil to Methane in Depleted Oil Fields” 
Authors: H. Maeda, Y.Miyagawa, M. Ikarashi, H. Kobayashi, K.Sato, S. Sakata, H. Mochimary 
Contribution to the understanding of Microbial Enhanced Oil Recovery: 
Determined optimal combinations of the microbes to achieve an efficient methane production. Developed 
technology which can solve the reduction of carbon dioxide emissions and improve natural gas 
development.  
Objective of the paper:  
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To develop a methane-producing system using indigenous microbes in depleted oil fields, in particular to 
combine a microbial conversion of the residual oil into methane with the geological sequestration of the 
carbon dioxide.  
Methodology used: 
1. Isolated multiple hydrogen- and methane-producing microbes from depleted oil fields in Japan.   
2. A laboratory-scale methane productivity test was conducted by culture incubation experiment.  
Conclusion reached:   
1. Large population of methanogens were detected in and isolated from the reservoir.  
2. Continuous methane production was observed in microbial methane conversion experiment under high 
pressure, high temperature condition. 
3. For the methane producing reaction the hydrogentropic methanogenesis was estimated to be dominant. 
Main reaction to produce methane is based on hydrogen and carbon dioxide.  
4. Carbon dioxide played an important role as some catalyst for accelerating the microbial function to 
produce methane.  
Comments:  
One of the most important issues to consider in this experimental work is the estimation reaction for 
microbial conversion process of residual oil to methane.  
 
SPE 99546 (2006) 
“EOR Survey in the North Sea” 
Authors:  A.R. Awan, R. Teigland, J. Kleppe 
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
This work does not introduce any new technology for Enhanced Oil Recovery (EOR) in the North Sea. It 
gives useful information on different EOR technologies.  
Objective of the paper:   
To review the EOR technologies which have been initiated in the North Sea and identify their maturity 
level, technology use restriction and process efficiency on the basis of incremental oil.  
Methodology used:  
A literature survey on EOR technologies has been made. A total 18 field applications were reviewed in 
the North Sea on different technologies (Hydrocarbon Miscible Gas, WAG, SWAG, FAWAG, MEOR)  
Conclusion reached:  
1. Reservoir souring and reduced injectivity has been observed and the application of MEOR processes 
can be useful in reducing these problems.  
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2. Microbial mechanisms can be useful in contacting the by-passed oil 
3. MEOR is still immature technology and has not been able to reach large scale application like other 
EOR technologies.  
4. Aerobic processes seem to be an attractive approach in the North Sea because of its fewer logistic 
problems as compared to anaerobic processes.  
5. In the future, majority of the research will be conducted on microbial processes, CO2 injection and 
WAG injection schemes.  
Comments:  
This work is a good guide for the for the EOR technologies initiated in the North Sea. Pertinent reservoir 
data over the reported time have been entered for each reviewed field.  
 
SPE 123072   (2009) 
“Improving MEOR Performance by a Selection Methodology in Mature Oilfields” 
Authors: Segovia, G.C., Huerta, V.A., Gutierrez, G.C.  
Contribution to the understanding of Microbial Enhanced Oil Recovery: 
An integral analytical methodology to precise ranking of MEOR portfolio towards future applications  in 
Peruvian northwest has been provided. Improvement in well stimulation treatment selection, based on 
further available information from oil physical-chemical and rheological characterization.  
Objective of the paper:   
To determine the factors improving MEOR performance and select MEOR methodology for Talara 
oilfields.  
Methodology used:  
It has been prepared analytical methodology by integrating: well performance evaluation, reservoir 
engineering analysis, physiochemical characterization, rheological analysis, sensitivity to biotreatability 
tests.  
Conclusion reached:  
1. Successful MEOR implementation is related to the paraffin content in oil, high pressure gradients, rock 
porosity and permeability. 
2.  Rheological characterization of crude oil and physiochemical evaluation are both crucial to determine 
the trend of paraffin deposition.  
3. All parameters of the produced fluids must be controlled before and after biotreatments to assure 
suitable evaluation. 
Comments: 
24  An Evaluation of Microbial Enhanced Oil Recovery (Methanogenesis) as a Means for Rejuvenating Mature and Abandoned  
                                North Sea Oil Reservoirs 
 
 
This paper provides historical review of successful MEOR applications, provides with useful information 
regarding bacteria suitable environments.  
 
SPE 107052   (2007) 
“Review on Microbial EOR with Special Reference to its use in Marginal and/or Mature Assets” 
Authors: Zahid, S., Zahoor, M.K., and Khan, H.A.  
Contribution to the understanding of Microbial Enhanced Oil Recovery: 
The paper provides a review on MEOR technology and discusses it with special reference to marginal 
and/or uneconomical reserves. It is also outlines the strategies to identify and meet the challenge of 
recovering of oil using MEOR techniques. An integral analytical methodology to precise ranking of 
MEOR portfolio towards future applications  in Peruvian northwest has been provided. Improvement in 
well stimulation treatment selection, based on further available information from oil physical-chemical 
and rheological characterization.  
Objective of the paper:   
To determine the factors to be considered before applying MEOR, identify the chemicals that need to be 
produced, and determine factors for the improving MEOR performance.  
Methodology used:  
Mostly this study was made on basis of literature review. 
Conclusion reached:  
Microbes offer solution to improve or recover recoverable oil and their historical application illustrates 
effectiveness. MEOR holds promising potential to bringing uneconomical and marginal reserves to 
production and the MEOR future seems bright.  
Comments: 
This paper provides comparison of MEOR with other recovery techniques; gives a good definition of 
factor effecting the MEOR and bacteria and gives an excellent review of MEOR technology feasibility.   
 
SPE 15601 (1986) 
“Mechanisms of Oil Displacement by Microorganisms” 
Authors: S.A. Kianipeu and E.C. Donaldson  
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
This work showed the potential of MEOR and further revealed some of the mechanisms of oil 
displacement by three species of bacteria.  
Objective of the paper:   
To explore and investigate some of the mechanisms responsible for oil displacement in unconsolidated, 
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thin reservoir flow cells by three species of microorganisms.  
Methodology used:  
The species of the bacteria used were Bacillus licheniformis strain, JF-2, Pseudomonas aeruginosa, and 
Clostridium. 
Capillary hysteresis loops were developed, which were used to evaluate and identify the critical factors 
contributing to the displacement. Visual and photographical observations of the flow cells during the 
incubation of bacteria at oil-brine-sand interfaces were made.  
Conclusion reached:   
1. The in situ growth and metabolism of injected bacteria decreased the residual oil saturation in the 
reservoir flow cells by 9-24%, increased the water wettability of the matrix sand and mobilized residual 
oil by emulsifying the oil, gas pressurization and possibly by other mechanisms.  
2. Bacillus licheniformis strain JF-2 showed the best results in the reduction of residual oil saturation and 
sweep efficiency observed qualitatively in the flow cells.   
Comments: 
This paper investigated some of the mechanisms of oil displacement.   
 
SPE 123596 (2009) 
“Verification of Microbial Activities for Microbial Restoration of Methane Deposit With Subsurface CO2 
Sequestration into the Depleted Oil Fields” 
Authors:  Otagaki, H., Fujiwara, K., Hattori, Y., Sugai, Y., Okatsu, K.,  
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
It has been understood that the methane conversion efficiency from CO2 is approximately 50%. The 
existence of methanogens under reservoir conditions was clarified.  
Objective of the paper:   
To estimate the possibility of microbial restoration of methane deposits using subsurface sequestered CO2 
and indigenous anaerobes in depleted oil fields. Directly verify the CO2 to CH4 conversion rate for 
economic assessment.  
Methodology used:  
Field samples from oil field in Japan were collected and analyzed in order to clarify the existence of 
indigenous methanogens under reservoir conditions. Two experiments were conducted: direct calculation 
of the CO2 to methane conversion rate; using the stable isotope probing.  
Conclusion reached:   
1. Hydrotrophic methanogen (MYH-4) was separated from oil reservoir.  
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2. It was shown that methanogenic consortium that has been used for this research had the possibility of 
methane production under the reservoir conditions.  
3. Methane conversion efficiency from CO2 was approximately 50%.    
Comments: 
This research considers reservoirs are not only as geological storage places, but as high pressure reactors.    
 
SPE 114676 (2008) 
“Potential Enhanced Oil Recovery Processes: A Critical Analysis” 
Authors:  Murray R.G., Yeung, A., Foght, J.M.  
Contribution to the understanding of Microbial Enhanced oil recovery (MEOR): 
This paper summarizes a critical review of possible microbial enhanced oil recovery methods and 
mechanisms to identify the most believable utilization of microbial technology to enhance oil recovery. 
Also it discusses broad applications of MEOR to field-wide improvement of oil displacement and 
recovery.  
Objective of the paper:   
To estimate the possibility of microbial restoration of methane deposits using subsurface sequestered CO2 
and indigenous anaerobes in depleted oil fields. Directly verify the CO2 to CH4 conversion rate for 
economic assessment.  
Methodology used:  
The different MEOR technologies were examined using analytical calculations, and in each case the 
material input requirements for nutrients were calculated in relation to the project incremental oil 
production, assuming that the bacteria, nutrients were uniformly distributed in the swept zone of the 
reservoir.  
Conclusion reached:   
1. The mechanisms were rated as good, poor, or very poor on the basis of the yield ratio.  
2. Mechanisms that effect the mobility ratio, such as viscosity reduction, depend on the relative 
permeability curves and permeability variation of the reservoir.  
3. Higher incremental oil recovery may be possible for reservoirs with reservoir heterogeneity. 
Mechanisms which mobilize residual oil will be more effective for higher residual oil saturation.  
4. The exact size and adhesion properties of the bacteria did not the screening of the mechanism.  
Comments: 
The study provides a methodology for the systematic assessment of MEOR proposals using well-
established reservoir engineering principles.  
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APPENDIX B 
CH4 fermentation is thought to involve three major stages although other groups are also involved. Fig. B-1 illustrates 
anaerobic methane fermentation stages. The first stage involves the breakdown of polymers, such as proteins, fats and 
carbohydrates to organic acids, amino acids, fatty acids and alcohols by hydrolic and fermentative bacteria. In the second 
stage, acetogenic bacteria convert the amino acids, fatty acids and sugars into carbonic acids, hydrogen, carbon dioxide and 
ammonia. In the third stage, acetogenic bacteria convert the organic acids into acetic acid, hydrogen, and carbon dioxide. In 
the last stage, methanogens convert hydrogen, acetic acid and carbon dioxide into methane and carbon dioxide. 
Methanoblic biodegradation of oil can theoretically happen through any of these pathways. It can be simplified as follows: 
hydrocarbons are converted into hydrogen, acetate and carbon dioxide by syntrophs and then partially converted into methane 
by methanogens.  
 
Figure B- 1: Anaerobic methane fermentation stages 
If the reservoir oil is undersaturated, then the produced gas will first dissolve in the oil until the oil is saturated. Once the oil is 
saturated then the gas will be free gas. 
In general, solubility will increase as the pressure increases, and as the temperature decreases as shown in Fig. B-2. As the oil 
is not produced, then the reservoir pressure will increase, thus increasing the amount of gas that can dissolve in the oil.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table B- 1: Methane solubility 
depending on changing pressure 
Figure B- 2: Representation of methane solubility at different reservoir pressures; 
shows that solubility will increase as the pressure increases. 
Pressure, 
psi
Rso      
scf/bbl
14.7 2.06
1000 173.85
2000 360.16
2200 398.10
2400 436.22
2600 474.50
2800 512.93
3000 551.49
3200 590.19
3400 629.01
3600 667.95
3800 707.00
4000 746.15
  
Table B-2: Summary of volumetric calculations of methane production.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Volume of 
oil, 
MMBBL
Fraction of 
residual oil to 
be converted
Volume of oil to be 
converted, 
MMBBL
Mass of 
residual oil to 
be converted, 
kg
Mass of 
methane 
produced, g
number of moles 
of produced 
methane
Volume of 
produced methane, 
scf
Volume of 
dissolved 
methane, scf
1651 0.1 165 2.20E+10 3.88E+09 2.42E+08 1.17E+06 8.77E+11
0.2 330 4.41E+10 7.76E+09 4.85E+08 2.34E+06 7.80E+11
0.3 495 6.61E+10 1.16E+10 7.27E+08 3.50E+06 6.82E+11
0.4 660 8.82E+10 1.55E+10 9.70E+08 4.67E+06 5.85E+11
0.5 826 1.10E+11 1.94E+10 1.21E+09 5.84E+06 4.87E+11
0.6 991 1.32E+11 2.33E+10 1.45E+09 7.01E+06 3.90E+11
0.7 1156 1.54E+11 2.72E+10 1.70E+09 8.17E+06 2.92E+11
0.8 1321 1.76E+11 3.10E+10 1.94E+09 9.34E+06 1.95E+11
0.9 1486 1.98E+11 3.49E+10 2.18E+09 1.05E+07 9.74E+10
1.0 1651 2.20E+11 3.88E+10 2.42E+09 1.17E+07 0.00E+00
1651 0.1 165 2.20E+10 7.41E+09 4.63E+08 2.23E+06 8.77E+11
0.2 330 4.41E+10 1.48E+10 9.26E+08 4.46E+06 7.80E+11
0.3 495 6.61E+10 2.22E+10 1.39E+09 6.69E+06 6.82E+11
0.4 660 8.82E+10 2.96E+10 1.85E+09 8.92E+06 5.85E+11
0.5 826 1.10E+11 3.70E+10 2.31E+09 1.11E+07 4.87E+11
0.6 991 1.32E+11 4.44E+10 2.78E+09 1.34E+07 3.90E+11
0.7 1156 1.54E+11 5.18E+10 3.24E+09 1.56E+07 2.92E+11
0.8 1321 1.76E+11 5.93E+10 3.70E+09 1.78E+07 1.95E+11
0.9 1486 1.98E+11 6.67E+10 4.17E+09 2.01E+07 9.74E+10
1.0 1651 2.20E+11 7.41E+10 4.63E+09 2.23E+07 0.00E+00
1651 0.1 165 2.20E+10 1.09E+10 6.83E+08 3.29E+06 8.77E+11
0.2 330 4.41E+10 2.19E+10 1.37E+09 6.58E+06 7.80E+11
0.3 495 6.61E+10 3.28E+10 2.05E+09 9.87E+06 6.82E+11
0.4 660 8.82E+10 4.37E+10 2.73E+09 1.32E+07 5.85E+11
0.5 826 1.10E+11 5.47E+10 3.42E+09 1.65E+07 4.87E+11
0.6 991 1.32E+11 6.56E+10 4.10E+09 1.97E+07 3.90E+11
0.7 1156 1.54E+11 7.65E+10 4.78E+09 2.30E+07 2.92E+11
0.8 1321 1.76E+11 8.75E+10 5.47E+09 2.63E+07 1.95E+11
0.9 1486 1.98E+11 9.84E+10 6.15E+09 2.96E+07 9.74E+10
1.0 1651 2.20E+11 1.09E+11 6.83E+09 3.29E+07 0.00E+00
Base case
Low case 
Best case
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Viscosity of gas was taken from the experimental viscosity data for methane summarized by Gonzales et al. (1967). Viscosity 
data are presented for temperatures 100 to 340 F and pressures from 200 to 8000 psia in Table B-5.  As the reservoir pressure 
and temperature of Forties field is about 3215 psi and 195 F respectively, the viscosity values for the different pressures at 
195F were calculated by extrapolation of available data given by Gonzales et al.  as can be seen in Table B-4. Thus, according 
to the calculations, it is assumed that methane viscosity is set to be 0.0186 cp at the example reservoir characteristics.  
 
Table B-3: Viscosity of methane at different reservoir pressures and temperatures obtained by Gonzales et al.
  
 
Table B-4: Methane viscosity extrapolation results 
 
 
 
 
 
 
160 220 195
14.7 0.0125 0.0134 0.0125
1000 0.0140 0.0148 0.0140
2000 0.0160 0.0164 0.0160
2500 0.0720 0.0174 0.0747
3000 0.0186 0.0186 0.0186
3500 0.0202 0.0197 0.0202
4000 0.0217 0.0209 0.0217
4500 0.0232 0.0220 0.0233
5000 0.0246 0.0233 0.0247
6000 0.0274 0.0257 0.0275
7000 0.0299 0.0281 0.0300
8000 0.0323 0.0300 0.0324
Pressure, psi
Viscosity, μCH4, (cp)
Temperature, F
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Vertical permeability of Forties field is ranges from 20 to 1000 mD which published by Ketzer et al. (2005). The effect of the 
permeability on the drainage time was investigated analytically and summarized in Table B-7. It clearly illustrates the effect of 
permeability in the gravity drainage time. It can be seen that the time to drain hydrocarbon with low permeability can take 
more than 8 years. 
Table B-5: The effect of permeability in the gravity drainage time. 
 
 
Table B- 6: Summary of North Sea Oil Fields characteristics. 
  
No. Field 
Temperature, 
F 
Pressure, 
psig 
Pressure 
gradient, 
psig/ft  
Salinity, 
(NaCl)(ppm) 
salinity 
% 
Oil 
density 
°API 
 
Northern North Sea             
1 Alwyn North oil Field 248     27000 2.7 37-42 
2 Brae North oil Field 240 6900 0.19 77000 7.7 41-49 
3 Brae Central oil Field 246 7057 0.33 79000 7.9 33 
4 Brae South  oil Field 253 7128 0.3 75000 7.5 33-37 
5 Beryl oil Field 207 4900 0.28 75 0.0075 37 
6 Bressay oil Field             
7 Brend oil Field 218 5785-6020 0.27 25000 2.5   
8 Captain oil Field 87 1340   25000 2.5   
9 Columba oil Field             
10 Cormorant oil Field 195-225 4825-5265 0.32     34-36 
11 Deveron Field 220 5000   23500 2.35 38 
12 Don oil Field 265 7220 0.36 17000 1.7 39-42 
13 Dunbar oilFfield             
14 Dunlin oil Field 210 6020 0.35 24000 2.4 35 
15 Eider oil Field 225 5020   19000 1.9 34 
16 Emerald oil  Field 140 2425 0.38 52028 5.2028 24 
17 Frigg Field 142     63000 6.3 23 
18 Heather oil Field 242 4950 0.29-0.31 22000 2.2 32-37 
19 Hutton oil Field 225 6300 0.34     34.5 
20 Lyell oil Field             
21 
 Hutton Northwest oil 
Field 
245 7315-7563 0.64-0.66 23000 2.3 37 
Vertical 
Permeability      
Kh, (mD)
Vertical 
Permeability      
Kh (m
2
)
Time               
t (years)
20 1.974E-14 8.81
40 3.948E-14 4.40
60 5.922E-14 2.94
80 7.896E-14 2.20
100 9.87E-14 1.76
200 1.974E-13 0.88
300 2.961E-13 0.59
400 3.948E-13 0.44
500 4.935E-13 0.35
600 5.922E-13 0.29
700 6.909E-13 0.25
800 7.896E-13 0.22
900 8.883E-13 0.20
1000 9.87E-13 0.18
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22 Magnus oil Field 240 6653 0.67     39 
23 Miller oil Field 250 7250 0.27 70000 7 38.5 
24 Murchison oil Field 230 6300 0.31     37 
25 Ninian oil Field 215   0.34     36 
26 Osprey Field 214 6000 0.37 22000 2.2 31 
27 Strathspey oil Field       260000 26   
28 Tern oil Field 199 3580 0.34 21000 2.1 33 
29 Thistle Field 220 6060   23000 2.3 38 
  
Central North Sea and 
Moray Fifth 
            
30 Alba oil Field             
31 Andrew oil Field       55000     
32 Arbroath oil Field 245 3700   135000 13.5 38-42 
33 
Argyll, Duncan and Innes 
oil Fields 
            
34 Auk oil Field 215 4067 0.33 105000 10.5 38 
35 Balmoral oil Field 207 3145   72000 7.2 39.9 
36 Beatrice oil Field 176 2897 0.33 35000 3.5 38 
37 Blane oil Field             
38 Blake oil Field             
39 Buchan oil Field 222 7506 0.35 116528 11.6528 33.6 
40 Buzzard oil Field             
41 Chanter Field 252 6196   44000 4.4 38 
42 Claymore oil Field 190 3785-4080   53400 5.34 29-34 
43 Clyde oil Field 297 6458 0.9 110000 11 37-38 
44 Crawford Field 190 3235-3690   70000 7 31 
45 Cyrus oil Field 232 3425 0.32 90000 9 35 
46 Ettrick oil Field             
47 Forties oil Field 141 3215   55500 5.55 37 
48 Fulmar oil Field 285 5700 0.29 138000 13.8 40 
49 Gannet oil Field             
50 Glamis Field 246 4562   84500 8.45 41.5 
51 Gryphon oil Field             
52 Harding oil Field       43000 4.3   
53 Heron Cluster oil Fields             
54 Highlander Field 200 4250 0.33 87000 8.7 35-36 
55 Ivahoe Field 175 3510 0.35 90990 9.099 29-31 
56 Kittiwake oil Field 244 6520-6540 0.3 130000 13 38 
57 Maureen oil Field 243 3792   40000 4 36 
58 Moira oil Field       20000 2   
59 Montrose oil Field 257 3744   111000 11.1 40 
60 Nelson oil field 224 2480         
61 Petronella Field 160 3450 0.28 76000 7.6 39 
62 Pierce oil Field             
63 Piper oil Field 175 3700   44000 4.4 37 
64 Ross oil Field             
65 Scapa Field 185 3384       32 
66 Scott oil Field       10000 1   
67 Sycamore oil Field             
68 Tartan oil Field 240 4650-5800 0.26-0.3 95000 9.5 38 
69 Thelma oil Field       95000 9.5   
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70 Tiffany oil Field       95000 9.5   
71 Tony oil Field       95000 9.5   
  Southern North Sea             
72 Ann Field             
73 Audrey Field             
74 Barque Field 175 3850 0.08 200000 20   
75 Camelot Field 150 2850 0.07 180000 18   
76 Clipper Field 175 3850 0.08 200000 20   
77 Dotty Field             
78 Hewett Field             
79 Indefatigable Field 195 4122 0.07 196200 19.62   
80 Leman Field 125 3022 0.08 240000 24   
81 Morecamble Field 90 1860 0.05 300000 30   
82 Sean North  Field 202 3945 0.07 225000 22.5   
83 Sean South Field 192 3977 0.07 226000 22.6   
84 Thames Field 172 3715         
85 Viking Field 200 4045-4670 0.08 220000 22   
86 Viktor Field 192 4047 0.08 220000 22   
87 Vulkan Field             
 
